We apply soft x-ray emission spectroscopy (XES) to measure the electronic structure of crystalline silicon supersaturated with sulfur (up to 0.7 at. %), a candidate intermediate-band solar cell material. Si L 2,3 emission features are observed above the conventional Si valence band maximum, with intensity scaling linearly with S concentration. The lineshape of the S-induced features change across the insulator-to-metal transition, indicating a significant modification of the local electronic structure concurrent with the change in macroscopic electronic behavior. The relationship between the Si L 2,3 XES spectral features and the anomalously high sub-band gap infrared absorption is discussed. 1 absorber material is formed by introducing deep-level impurities at high concentration to form a mid-gap impurity band that facilitates the absorption of sub-bandgap photons while suppressing non-radiative recombination. 2 Si doped with S-a deep-level donor in Si (Ref.
3)-to above 0.7 at. % is a candidate IB photovoltaic absorber when partially compensated, 4 exhibiting strong sub-band gap absorption 5, 6 and metallic conductivity 7 that suggest the formation of a deep-level dopant induced band. In this letter, we present Si L 2,3 x-ray emission spectra (XES) of crystalline Si doped with S that reflect the altered electronic structure.
Si supersaturated with S can be fabricated using laser incorporation of S-bearing gases 6 or ion-implantation followed by pulsed laser melting (PLM). 8 We use ion-implantation followed by PLM because it produces single-crystal [8] [9] [10] samples and provides accurate S concentration control. 700-lm thick, p-type Si wafers (10-20 X-cm, double-side polished, Czochralski-grown, (100) orientation) were ion-implanted at 95 , respectively. SIMS measurements were largely unaffected by concentrationdependent ionic yields for sulfur because comparison of asimplanted profiles normalized to peak value were in good agreement (within 7% maximum error) for both samples. The SIMS data for the post-PLM samples were extrapolated linearly to estimate the peak S concentrations in the 3 Â 10 , respectively. Over 95% of S-dopants are concentrated in a layer about 350 nm deep.
We refer to un-annealed samples by their peak S concentration (in S cm
À3
) and to annealed samples by their annealing temperature. Errors on peak concentration are 620%. A control sample from the same substrate-which was neither implanted nor laser-melted-is referred to as "Si reference."
For each sample, absorptance was measured using a spectrophotometer equipped with an integrating sphere. We measured the transmittance T and reflectance R to calculate the normalized absorptance A ¼ (1ÀRÀT)/(1ÀR). Spectra for un-annealed samples are shown in Fig. 1(a) . In agreement with previous work, 11 sub-band gap optical absorptance increases with S concentration, and decreases with increasing annealing temperature, as shown in Fig. 1(b) .
XES measurements were performed at the Advanced Light Source, Lawrence Berkeley National Laboratory, using a)
Author to whom correspondence should be addressed. Electronic mail: jts48@cornell.edu. The energy scale was calibrated by measuring elastically scattered Rayleigh lines at five energies across the measurement window; the excitation energy was calibrated by measuring the x-ray absorption spectrum of a Si reference. The excitation photon energy was 120 eV for all measurements. The integral intensity of all XES spectra are normalized to the spectrum of a reference wafer normalized to unity intensity over the full valence band (VB) emission range (ca. 80-102 eV). A linear background was fit to each spectrum at energies greater than 102 eV and subtracted. The combined attenuation length of the incoming and outgoing photons of the Si L 2,3 spectra is ca. 30 nm at 45 incidence, 13 and the sulfur concentration only varies by less than 5% over this length scale. The S concentration in the first 45 nm is within the error reported for the peak concentration, located at 100 nm depth. Fig. 2(a) shows the Si L 2,3 XES spectra of the Si reference sample and the 3.8 Â 10 20 cm À3 sample. The spectra reveal that S-doping at supersaturated levels does not significantly affect the overall electronic structure (below ca. 99 eV). The emission peaks at ca. 89, 92, and 95 eV are generally attributed to valence bands having a predominantly s, sp, and p symmetry, respectively.
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14 In contrast, the area of the Si L 2,3 XES marked with a grey dashed box in Fig. 2(a) , and magnified in Figs. 2(b) and 2(c) , shows the emission originating from states above the VB maximum as a function of S concentration and annealing temperature, respectively. The appearance of two peaks above the VB edge is due to the Si 2p spin-orbit splitting (0.62 eV). 15 The spectra in Fig. 2 (b) were measured with a shallower detector angle than those in Fig. 2(c) , resulting in an enhanced energy resolution. Thus, an additional spectral structure is resolved (e.g., for the Si reference or the 3.8 Â 10 20 sample). Using Fityk, 16 Voigt functions were fit to the XES spectra to quantify the independent contributions of the Si VB and the above-edge portions of the spectra, as shown in Fig. 3 . Two Voigt functions (centered at 98.3 eV and 99.1 eV) were used to approximate the shape of the VB emission. Pairs of Voigt functions with a constant shape-FWHM of 0.27 eV, spinorbit splitting of 0.62 eV-were used to approximate the above-VB emission features. Excellent agreement of the fit can be achieved, suggesting that the spectra indeed only require one pair of Voigt peaks for satisfactory description, with the exception of the highest-concentration sample, which clearly requires two pairs of spin-orbit-split Voigt peaks, with the second set centered 0.2 eV below the main peaks. 
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presence of S atoms in the Si samples. Additionally, XES measurements performed on a control sample (PLM-processed Si-implanted Si wafer) produced a spectrum that was indistinguishable from the Si reference; thus, we conclude that the emission features are not related to process-induced defects, but are a result of the S dopants. As the S concentration surpasses the critical value (3.1 6 1.3 Â 10 20 cm
À3
) for the insulator-to-metal transition, 7 the shape of the S-induced Si L 2,3 emission features changes. The spectra in Fig. 3 are labeled "metal" or "insulator" depending on whether their S concentrations lies above or below this critical value, 7 respectively. The insulating samples ( ) exhibits an XES emission feature with a different spectral shape, and fitting requires a second pair of Voigt functions, as mentioned.
The XES spectral shape change presumably reflects Sinduced changes in the ground state electronic structure of Si. One possible explanation is that the delocalization of the Sdonor electron ionizes many S dopants. In dilute concentrations, ionized S atoms introduce electronic states farther from the conduction band than those of neutral S (Ref.
3) and may thus result in lower-energy emission when probed via Si L 2,3 XES. Alternatively, the spectral-shape change could reflect a broader distribution of impurity states: as the inter-atomic distance between S-donors decreases, overlap of the S-donor electron wave functions increases along with the bandwidth of electronic energy levels they introduce. This could lead to a comparable broadening of the XES emission features.
Similar but weak features above the VB edge at similar energy have been observed previously in crystalline Si and were solely attributed to emission from a core-exciton. 17 While aforementioned arguments assert the emission features are tied to the sulfur-induced electronic changes in the material system, the exact excitation-relaxation process is unknown and may be influenced by the presence of excitonic states.
The intensity of the S-induced XES features not only correlates with the sulfur concentration, but also with subband gap optical absorption, as shown in Fig. 4(a) . Previous work 5 demonstrated that thermal annealing deactivates sub-band gap optical absorption. Fig. 2(c) shows a decrease in S-induced XES emission intensity with increasing annealing temperature, suggesting the features are related to subband gap absorptance. In Fig. 4(b) , the relationship between absorptance and S-induced XES emission feature area is quantified for un-annealed (black crosses) and annealed (3.8 Â 10 20 sample, grey crosses) samples. Fig. 4 (b) demonstrates that strong sub-band gap absorption correlates with strong above-VB XES emission features, with slight differences between the annealed and un-annealed samples.
Unpublished data indicate that similar anneals do not change the S distribution within the SIMS depth resolution. Thus, the intensity decrease of the S-induced XES feature (Fig. 2(c) ) is not due to S evaporation from the surface or diffusion into the substrate. Instead, it suggests an annealinginduced chemical state change of S, which results in an electronic structure change. This is consistent with extended x-ray absorption fine structure studies of chalcogen-doped Si. 18 In summary, Si L 2,3 XES spectra of highly S-doped crystalline Si samples, prepared by ion implantation and PLM, exhibit characteristic emission features located above the Si valence band maximum. The emission feature intensities scale linearly with S concentration, indicating that they are induced by the S dopants. More interestingly, the evolution of the XES lineshape shed new light on understanding the insulator-to-metal transition of a deep-level impurity. Additionally, sub-band gap optical absorption correlates with the XES emission feature under varying dopant dose and sample annealing conditions.
